Abstract: Gas hydrate provinces occur in two sedimentary basins along Brazil's continental margin:
Introduction
Contemporary climate change is significantly impacting the marine environment. Among the most drastic impacts are the declining oxygen levels [1] , acidification [2] and loss of biodiversity [3] . Current estimates suggest that ocean surface and intermediate waters (< 700 m) could be 1-4°C warmer at the end of this century [4] . Such an increase in temperature would promote destabilization of gas hydrate on continental margins worldwide, even if warming is accompanied by pressure increase owing to sea-level rise [5] . Gas hydrate is still being discovered beneath the ocean margins and contain a large reservoir of organic carbon (mainly methane) on Earth's surface (0.5-12.7x10 21 g [6, 7] ), and the release of even a fraction of it to the oceans and atmosphere could potentially lead to a positive feedback in greenhouse gas emissions [8, 9] . Estimates of the amount of carbon that could be released from sediments to oceans and seas owing to hydrate dissociation are poorly constrained, in part as we do not fully understand the mechanisms by which gas may move through the gas hydrate stability zone (GHSZ) and/or escape from its 'feather edge' on the upper continental slope. The feather edge of the GHSZ, i.e., the region on the upper continental slopes where marine hydrate deposits thins to vanishing at the seafloor [10] , contains about 3.5% of the global hydrate inventory and is particularly susceptible to hydrate dissociation in response to ocean warming or sea level change [10, 11] . Global models of the gas hydrate system response to scenarios of climate-driven change indicate that methane release to the seafloor from hydrate dissociation is greatest along the feather-edge and could exceed methane fluxes from other sources by the year 2100 (i.e., >30-50 Tg CH4 yr -1 [5] ). Other simulations indicate that gas hydrate is sensitive to rapid temperature increases [5, [12] [13] [14] [15] , and a 5°C increase in bottom water temperatures along continental slopes could add ca. 2,000 Gt CH4 to sediments worldwide [16] , part of which may flow toward the seafloor. It is possible that the dissociation of hydrate will also be linked to the additional release of methane by opening pathways to free gas ascending from underneath the hydrate stability zone [17] .
Not all methane released by hydrate dissociation will reach the seafloor and atmosphere because it will be consumed by anaerobic oxidation via sulphate reduction in sediments [18, 19] and dissolution and aerobic oxidation in the water column [20] [21] [22] . Oxidation of large quantities of methane in the water column, however, may contribute to a decrease in the ocean's pH [23, 24] . In addition to its possible contribution to greenhouse gas emissions and ocean acidification, massive destabilisation of gas hydrate may be associated to the triggering of submarine landslides and related tsunamis [25] .
Dissociation of marine gas hydrate at the feather edge of the gas hydrate stability zone has been reported in several locations around the world [26] [27] [28] . This phenomenon received particular interest at high latitudes regions owing to the high amplitude of warming in polar oceans [29] [30] [31] . The aim of the present article is to review evidence of venting from two gas hydrate provinces along Brazil's continental margin: (1) the Rio Grande Cone and (2) the upper Amazon deep-sea fan. The latter is, to our knowledge, the only case in the world where gas venting near the feather edge of the GHSZ was reported in equatorial regions. We review recent discoveries within these provinces, and compare them to the calculated feather edge of the GHSZ. The results provide insights into the role of climatedriven changes in ocean conditions versus processes controlling fluid flow within continental margins, and suggest further investigations on the Brazilian margin in relation to the global carbon cycle and ongoing climate change.
Gas hydrate and gas venting structures on Brazil's continental margin
The presence of gas hydrate on Brazil's continental margin was first reported in the 1980s from bottom simulating reflectors (BSRs) observed in two deep-water depocentres: (1) the Rio Grande cone, in the Pelotas Basin, western South Atlantic margin [32] [33] [34] , and (2) the Amazon deep-sea fan, in the Foz do Amazonas Basin, Equatorial Atlantic margin [35] [36] [37] (Figure 1 ). Other less well defined BSR in Brazil were observed in the Campos and Santos basins [33, 38] . The Rio Grande Cone forms a protuberance in the continental slope and contains a deposit of up to 12 km of sediments (Barremian to recent) in an area of approximately 250,000 km 2 . Sediments were sourced from the Rio de la Plata river [39] and/or from large contourite systems occurring to the south [40] and to the north [41] . The Amazon deep-sea fan also forms a protuberance in the continental slope and contains of a deposit of up to 10 km of sediments (Late Miocene to recent) sourced mainly from the Amazon River [42] , and distributed in an area of 330,000 km 2 [43] . Maps showing bathymetric contours derived from multibeam data across the two areas in Brazil where there is evidence of gas seepage near the feather edge of the methane hydrate stability zone: (a) the Rio Grande Cone, Pelotas Basin, western South Atlantic (modified from [47] ) and (b) the Amazon deep-sea fan, Foz do Amazonas Basin, Equatorial Atlantic Ocean (modified from [48] ). The areas in light blue mark the depth range of the feather edge of the gas hydrate stability zone calculated for the two regions using pure methane in seawater [49] , and water temperature measurements obtained for the regions from the World Ocean Database (WOD18 [50] ; see Figure 2 ).
Red areas in a) are pockmarks and high backscatter areas aligned with both subjacent NE-SW faults and the feather edge of the GHSZ (for details see [47] ). Red stars in b) are water column gas plumes, black arrows indicate trace of faults on the seafloor near gas seeps at the edge of the methane hydrate stability zone (for details see [48] ).
Sediment loading in the Rio Grande Cone and in the Amazon deep-sea fan resulted in largescale gravitational collapse, expressed as paired belts of extensional and compressional structures rooted on deep detachment surfaces. In contrast to the mainly stratified internal character of the Rio Grande cone, the Amazon fan is characterised by giant mass transport deposits recording sediment failure from the upper slope [35, 44] . High rates of sedimentation (including of organic matter), particularly in the upper Amazon fan, contribute to low geothermal gradients (15-19 °C /km, based on BSR depth and bottom-hole temperatures; [45] ), which together with low bottom water temperatures, result in a potential thick gas hydrate stability zone. The quantity of methane trapped in gas hydrate in the two areas has been estimated to be 22 trillion m 3 (ca. 780 tcf) and 12 trillion m 3 (ca. 430 tcf), respectively [46] . Direct evidence of natural gas hydrate and gas seeps on the seafloor were found in the Rio Grande Cone [47] and in the Amazon deep-sea fan [48] , in both areas in association with gas venting from the GHSZ. Living chemosynthesis-based communities in pockmarks in the Rio Grande Cone [51, 52] , in addition to acoustic disturbance caused by the presence of free gas at shallow depths (<10 m) below seafloor in sub-bottom profiles [53] are indicative of active methane seeps. Direct evidence of gas seepage was identified in the Amazon deep-sea fan by the presence of acoustic anomalies in the water column using multi-beam echo sounder backscatter data, which is also supported by the presence of remnants of chemosynthetic organisms at the seafloor [48] . In both areas, gas vents occur both within the GHSZ and along its edge and are inferred to be influenced by normal and thrust faults related to the gravitational tectonics induced by sediment loading [47, 48] . Gas hydrate was recovered and sampled in both areas in piston cores at water depths from 550-1400 metres below sea level (mbsl) in the Rio Grande Cone [47] , and at 1000-1800 mbsl in the Amazon deep-sea fan [48] . In both cases, dominantly CH4 composition with  13 C < -66.7‰ V-PDB for the Rio Grande Cone and  13 C < -77.3‰ V-PDB for the Amazon deep-sea fan indicate a biogenic origin for the methane trapped in hydrate.
The edge of the stability zone and seafloor gas vents
The theoretical depth range of the feather edge of the methane hydrate stability zone (MHSZ) can be calculated using an equilibrium equation for pure methane hydrate in seawater [49] . T = 11.726 + 20.5 * log10 z − 2.2*(log10 z) 2 , where T is the temperature of the phase boundary (°C) and z is the depth (km).
The upper depth limit of the MHSZ can be estimated using the above equation and historical (1958 to 2018) water column temperature data from the World Ocean Database (WOD18 [50] ), which show high variability in measured temperatures above 900 m water depth in both areas of interest (5.4 to 9.3 °C in the Rio Grande Cone and 5.4 to 7.6°C in the Amazon fan; Figure 2 ). The feather edge of the MHSZ is estimated within a range of depths, between 510-760 mbsl on the Rio Grande Cone and 500-670 mbsl on the Amazon deep-sea fan. Comparison of these depth ranges with recently published observations based on water column, seafloor and sub-bottom acoustic imagery and samples from piston cores [46, 47, 52] indicates that gas seeps occur both within and near the edge of the GHSZ in the two areas (Figure 1) . [50] ). The dashed line indicates the phase boundary for pure methane in seawater [48] . Blue dots in the bathymetric maps to the right indicate the location of the temperature profiles.
On the Rio Grande cone, multibeam bathymetric and backscatter imagery reveal pockmark fields in two main locations, on the mid-slope in water depths of ca. 1300 m (ca. 320 km 2 with a pockmark density of ca. 1/km 2 , or 51% of the vent sites), and on the upper slope in depths of 520-660 m (ca. 38 km 2 , with a pockmark density of 8/km 2 ; or 49% of the vent sites; Figure 1 ). In both areas, pockmarks are high backscatter features of variable relief, with their long axes parallel to subjacent extensional faults [47] . The upper pockmark field lies within the estimated depth range of the MHSZ feather edge (510-760 m) and comprises a slope-parallel zone 20 km long by 3 km wide, widening to 6 km in the NW, including a central zone where pockmarks cover most of the seafloor (Figure 1) . Sub-bottom profiles show acoustic blanking indicating free gas rising to seafloor through chimneylike features [47, 53] . Methane concentration and sulphate profiles in pore waters obtained from piston cores samples in a cross section perpendicular to the pockmark field corroborate with the presence of shallow gas, notably focused at the isobath of 545 m [53] , where there is a major concentration of pockmarks in the field [47] . The sulphate methane interface is considerably shallower within the pockmark field (3-4 mbsf) compared to a background area downslope within the GHSZ at ca. 1300 mbsl (ca. > 10 mbsf [53] ). The data suggest, therefore, the existence of active methane seeps within the pockmark field. The presence of authigenic carbonate concretions (centimetres in diameter) in piston cores [47] , for which the radiometric ages are yet to be determined, indicates that the seeps may have been active for thousands of years (assuming a growth rate of ca. 0.4-0.8 cm/kyr [54] ). Foraminiferal stable carbon isotope and sediment mineralogy found in ancient pockmarks in the northern portion of the Pelotas Basin (200 km north of the Rio Grande Cone) indicate seafloor methane release during the last glacial period (40-20 cal ka BP [55] ). On the upper Amazon deep-sea fan, multibeam water column and seafloor data acquired across water depths of 650-2600 m reveal the existence of at least 53 gas plumes rising up to 900 m into the water column, from seafloor venting features that include both pockmarks and mounds [48] . Most of the gas vents (60%) are located within the MHSZ along lineaments corresponding to faults that may have acted as pathways for fluid migration [48] , whereas some (40%) are located in water depths of 650-715 m within the feather edge of the MHSZ (500-670 m) along about 50 km of its length (Figure 1b) . The latter features include twenty-three water column gas plumes that rise up to 350 m into the water column from seafloor mounds 10-20 m high [48] . The gas bubble plumes were not sampled, but 24 dissolved and free gas and three gas hydrate samples in piston cores at plume sites revealed a dominantly methane composition (with absence of heavier hydrocarbons), and a strong depletion in 13 C ( 13 C from -102.2‰ to -73.7‰, V-PDB), indicating a biogenic origin for the gas [56] .
Discussion
Brazil's continental margin contains at least two major gas hydrate provinces, located in depocentres in which rapid deposition drives tectonism, fluid migration and methanogenesis, providing ideal conditions for near-surface gas hydrate accumulation [47, 48] . In both provinces, gas hydrates have been sampled from seafloor venting structures that indicate gas seepage is taking place within the GHSZ and along its feather edge. Gas venting to the oceans within the GHSZ has been reported from many other deep-water settings [27, 28] , and linked to the formation of chimney-like features within the GHSZ [57] . Mechanisms to account for such features all involve the upward migration of warm gas-rich fluids, which modify the base of the GHSZ and/or sediment properties within it [58, 59, 60] . Such mechanisms have yet to be tested against evidence from the deep-water gas vents on the Brazilian margin. Nonetheless, the fact that many of the vents observed within the two areas investigated to date are associated with seafloor faults related to gravity tectonics (e.g., 51% in the Rio Grande Cone, and 60% in the Amazon deep-sea fan) [47, 48] provides evidence that processes internal to continental margin depocentres may be important in the creation of fluid migration pathways into and through the GHSZ.
Evidence of structurally-influenced gas venting through the GHSZ on the Brazilian margin raises questions regarding the origin of the gas vents observed along its feather edge. Gas seeps observed in similar settings around the world have been suggested to record the dissociation of gas hydrates in response to ocean warming [26, 27] . This is also possible on the Brazilian margin, as recorded variations in water temperatures, which record cyclic or progressive changes in the water masses that impinge on the upper slope over decadal timescales, imply the edge of the GHSZ to have migrated across large depth ranges (Figures 1, 2) . The Rio Grande cone and Amazon fan include seeps within the areas corresponding to these depth ranges, which could record gas hydrate dissociation. However, seeps in both areas contain evidence of deeper structural influences, notably on the Rio Grande cone where a slope-parallel field of elongate pockmarks is aligned with both subjacent faults and the edge of the GHSZ. The location of seeps relative to the edge of the GHSZ might be related to a complex interplay among structures focusing gas flow to the seafloor and the geomechanics of sediments during hydrate dissociation [61] , the geometry of the edge of the GHSZ [62] , gas migration along the base of the GHSZ to escape at its edge [63] , and the dynamics of bottom water temperature changes, including multidecadal warming and shoaling of Antarctic Intermediate Water observed in the region [64] . The dynamics of the Antarctic Intermediate Water, in particular, may be an important component for stability of gas hydrate deposits in the South Atlantic Ocean margins (and the Rio Grande Cone), where warming between 0.01 to 0.02 °C yr -1 has been observed since 1970's [64] . Using the equilibrium equation for pure methane hydrate in seawater [49] , it is possible to estimate that such a warming rate could dislocate the feather edge of the GHSZ by several hundreds of metres downslope (tens of metres deeper) in a few decades. Similar warming rates (0.007 °C yr -1 ) of the North Pacific Intermediate Water and dislocation of the edge of the GHSZ was observed in the Cascadian margin, North Pacific Ocean [14] . More detailed temporal studies relating the downslope dislocation of the feather edge of the GHSZ to bottom water temperature measurements and associated seafloor seeping structures offshore Brazil must be undertaken to determine whether gas hydrate dissociation is linked to long-term (millennia) trends following the last glacial maximum and/or short term (decades) trends related to anthropogenic warming [12, 17, 26] .
Numerical modelling indicates that ocean warming over the last decades may have released significant quantities of methane from global gas hydrate systems [15, 57, 65] . These models have several limitations and assumptions, but provide valuable insights about the potential release of CH4 from hydrate dissociation [5] . On the Cascadia margin, off the Pacific coast of the U.S.A., warming along 273 km of the GHSZ feather edge between 1970 and 2013 is estimated to have released 4.35 Tg of methane to the water column, and may release another 45-80 Tg by 2100 [14] . Modelling of gas hydrate dissociation off North Carolina, in the western Atlantic, suggests that 2.5 Gt of methane were produced over an area of 10,000 km2 by bottom water warming [66] . There are no published models of gas hydrate dissociation offshore South America, thus the possible magnitude of methane release along Brazil's continental margin is unknown. However, if the quantities of carbon released to the oceans are of the same order of magnitude as those modelled for other regions of the world experiencing same warming rates of bottom waters, and if the observed seepage features can be extrapolated for 10's to 100's km beyond the limits of the study area, such as in the Cascadia margin [14] , the known Brazilian ongoing gas venting may be of concern and deserve further investigation.
Over longer timescales, there is a possible connection between gas hydrate dissociation at the edge of the GHSZ and the triggering of landslides within the studied areas. The Amazon Fan contains a record of recurrent giant landslides sourced on its upper slopes, which have been suggested to record massive dissociation of gas hydrate linked to glacial-interglacial changes in sea level [67] , although they have alternatively been linked to collapse tectonics on the upper fan [44] . Mass wasting deposits of smaller scale are observed near the feather edge of the GHSZ on the Rio Grande cone [53] . A megaslide complex is recognized to the south of the Rio Grande cone, with headwall scarps near the shelf-break and upper slope, although there is no clear association with gas hydrate systems in the area and gravity tectonics has been proposed as the main triggering mechanism [68] . Along most of the continental slope, gas hydrate stability has decreased since the last glacial maximum (LGM) due to the warming of South Atlantic bottom waters, by at least 3.5˚C at 657 m depth on the upper Rio Grande cone [69] . However, investigations of a pockmark field at shallower depths 200 km to the north in the Pelotas Basin provide evidence of seafloor methane release that has been linked to warmer bottom waters at the LGM, due to sea level lowering of warmer surface waters onto the uppermost slope [55] . The effects of depth-dependent changes in ocean temperatures during the last sea level cycle on gas hydrate stability remain poorly understood offshore Brazil, as on other continental margins, and it is of interest to undertake modelling to examine the possible connection between hydrate dissociation and landslides in the Rio Grande Cone and Amazon deep-sea fan and explore their geohazard potential [70] .
Conclusions
Brazil's vast continental slope area remains to be fully investigated but includes two proven gas hydrate provinces, the Amazon deep-sea fan in the far north and the Rio Grande cone in the far south. In both areas, gas venting is observed to be taking place within the gas hydrate stability zone and near its feather edge as calculated from bottom water temperatures. Further studies are necessary to determine the extent to which gas venting from the GHSZ is driven by subsurface fluid flow linked to the internal dynamics of the gravitationally collapsing depocentres, or by gas hydrate dissociation at the feather edge of the stability zone linked to changes in ocean conditions over glacial and/or anthropogenic timescales. It is also important to model the quantities of methane that may be transferred from sediments to the oceans in both areas under different scenarios. Considering the possible existence of gas hydrate provinces in other basins along the Brazilian margin, the area provides a natural laboratory for further investigations of gas hydrate dynamics.
